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Abstract

The production of strip sensors for the ATLAS Inner Tracker (ITk) started in 2021. Since then,
a Quality Assurance (QA) program has been carried out continuously, by using specific test
structures, in parallel to the Quality Control (QC) inspection of the sensors. The QA program
consists of monitoring sensor-specific characteristics and the technological process variability,
before and after the irradiation with gammas, neutrons, and protons. After two years, half of
the full production volume has been reached and we present an analysis of the parameters
measured as part of the QA process.

The main devices used for QA purposes are miniature strip sensors, monitor diodes, and the
ATLAS test chip, which contains several test structures. Such devices are tested by several
sites across the collaboration depending on the type of samples (non-irradiated components
or irradiated with protons, neutrons, or gammas). The parameters extracted from the tests are
then uploaded to a database and analyzed by Python scripts. These parameters are mainly
examined through histograms and time-evolution plots to obtain parameter distributions,
production trends, and meaningful parameter-to-parameter correlations. The purpose of this
analysis is to identify possible deviations in the fabrication or the sensor quality, changes in
the behavior of the test equipment at different test sites, or possible variability in the
irradiation processes.

The conclusions extracted from the QA program have allowed test optimization,
establishment of control limits for the parameters, and a better understanding of device
properties and fabrication trends. In addition, any abnormal results prompt immediate
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feedback to the vendor.
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1. Introduction

The ATLAS Inner Detector is undergoing an upgrade to fulfill the major physics objectives
and to meet the stringent requirements of the new HL-LHC at CERN. The resultant all-silicon
detector is the Inner Tracker (ITk) detector [1], composed of both pixel and strip sensors [2]. The
pixel sensors are located in the inner part of the detector, while the strip sensors are arranged surrounding
the pixels in three different regions: the “barrel” region, with the sensors parallel to the beam axis, and
two “endcap’ regions, with sensors perpendicular to the beam axis at each side of the “barrel” region.

The strip sensors are fabricated on 6-inch, p-type, float-zone silicon wafers [3]. The sensors are
fabricated in lots (batches) of 40 + 10 wafers which are processed together. Each wafer contains one
main sensor (~10x10 cm?) at the center and four “half-moons” in the edge. Several test structures are
placed in the wafer half-moons, including the test pieces used for the Quality Assurance (QA) of the
production.

The Quality Control (QC) evaluation looks for defects and provides acceptance testing checks for the
finished main sensors to be used in the experiment. On the other hand, the QA process aims to ensure
that quality requirements are met throughout the entire fabrication process for the ATLAS ITk
development. QA evaluation is based on monitoring the technology stability and keeping track of
variations during the manufacturing process. This allows to predict and prevent deviations in key
parameters. Furthermore, QA must ensure that the radiation hardness holds at the levels accorded during
the prototyping phase. Test samples are irradiated with neutrons (Ljubljana [4], 5.1e14 ne/cm? and
1.6e15 neg/cm?), protons (Birmingham, 5.1€14 neg/cm? [5], and CYRIC, 1.6e15 neg/cm? [6]) and gamma
(Prague [7], 66 Mrad) to the experiment radiation targets to check the radiation hardness for each
production batch. Some samples are subjected to a combined gamma-+neutron (y+n) irradiation as
a substitute for the proton irradiation effect, with a dose of 66Mrad and a fluence of 1.6e15
Neg/CM?, respectively.

In terms of QA, the characteristics of any wafer are considered to be representative of its fabrication
batch. For this purpose, two QA pieces are diced from every wafer: the Mini&MD8 and the
Testchip&MD8. The first one is composed of a 1x1 cm? miniature strip sensor (“Mini”’), and an 8x8
mm? monitoring diode (“MDS8”). The second piece consists of an MDS, and the ATLAS test chip
containing several test structures (bias resistors, interdigitated structures, field oxide capacitors, coupling
capacitors, punch-through protection structures, and cross-bridge resistors) [8], [9]. All the parameters
obtained through these devices must be within the thresholds defined by the ATLAS Collaboration.

The whole fabrication involves 4 years and about 22000 strip sensors. A delivery of sensors and QA
pieces is received from the foundry and distributed for irradiation and testing every month. The
produced batches have to be formally accepted by the ATLAS Collaboration within four months after
delivery, therefore approval decisions are made monthly as well. At the moment of writing, the QA
production has already surpassed the halfway point of the fabrication: 321 batches have been approved
and only 5 have been rejected (3 of them for QA reasons). The rejected batches will be replaced later
by the foundry. The QA tests details and measurement setups can be found elsewhere [10].



2. Analysis of the parameters

The irradiation and the test sites are responsible for uploading the raw test data to the ITk
Production Database (DB) [11]. In the uploading process, the relevant parameters are
extracted from the raw data and are also uploaded to the DB. In the data reporting process,
they are selected using newly developed Python scripts which interrogate the database, filter
the data and perform analysis, statistics, and representation. In this work, the parameters more
relevant or with interesting features are presented using the aforementioned graphs. The
objective is to track the evolution of measured parameters throughout production and
maintain controlled variability.

The collected charge at 500 V is measured in Mini sensors with the ALiBaVa System [12] in
the Charge Collection Efficiency (CCE) test. For neutron irradiations, this parameter is
displayed as a distribution plot (Figure 1). The lowest values are very close to the minimum
threshold, but pure neutron irradiations are more damaging than the particle mix expected in
the ATLAS detector [13], therefore, the few lowest values are not concerning. The definition
of a minimum threshold for this parameter was derived based on Signal-to-Noise (S/N)
considerations and the radiation simulations and it was set at 6350 e-.
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Figure 1. Distribution of the collected charge at 500 V for neutron-irradiated samples at 1.6e15
Neg/CMZ.

The leakage current of MD8 diodes is measured to extract the current value at 500 V. For this
parameter, y+n irradiation (66 Mrad + 1.6e15 neg/cm?) results are shown (Figure 2). The
values measured at different test sites have been plotted using different colors. Although they
remain very stable throughout the production for a given test site, small differences between
test sites exist, which are assumed to be due to a temperature difference of a few degrees during
the tests.
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Figure 2. Distribution (a) and time-evolution (b) plots of the normalized current of the MD8 diode at
500 V measured at different test sites after y+n irradiation.



The full depletion voltage (VFD) is extracted from the Current-Voltage characteristics (CV) of
the diodes and exhibits a clear decreasing trend over time for pre-irradiated samples (Figure 3a).
However, this effect appears to stabilize lately, and the observed range of values meet the
specifications (> 350 V). Regarding VFD on neutron-irradiated samples (Figure 3b), some
values are surpassing the maximum threshold (850 V). However, these batches have been
approved on the basis of the good leakage currents from the same devices, and the good results
from CCE from proton-irradiated minis. A slight increase of the average VFD post-neutrons
has been observed in the latest batches without any other anomalies seen in the other QA
parameters. This feature is under further investigation by the collaboration, but it does not have
any significant effect on the overall quality of the sensors.
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Figure 3. Representation of the VFD of the MD8 diodes over time (pre-irradiated samples).

The bias resistance is measured from separated bias resistor test structures identical to the ones
in the main sensor. This parameter is plotted in Figures 4a and 4b for pre-irradiated samples and
post y+n irradiation, respectively. The measurements are temperature-corrected due to the
different measurement conditions [14]. The y+n irradiated samples show a slight increase of the
resistance in comparison to the pre-irradiated ones (1.51 MQ - 1.76 MQ) that can be attributed
to radiation effects, but both representations correspond to well-defined distributions and they
satisfy the ITk requirements.
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Figure 4. Time-evolution plot of the bias resistance for pre-irradiated (a) and y+n irradiation (b).

The flat-band voltage (VFB) of the field oxide is extracted from the C-V curves at high
frequency of MOS capacitors (Figure 5a). The distribution plot of VFB for this field oxide
shows a high dispersion with somewhat lower average values than what is typical for gate
oxides. This is probably due to an expected excess of interface traps and/or trapped charge in
this type of inter-level oxides. Moreover, the distribution shows a tail towards low values, which
is not critical but is being watched by the collaboration. All remaining QA parameters for these
batches with lower VFB fall within the average range.
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Figure 5. Distribution (a) and time-evolution (b) plots of the VFB on pre-irradiated samples.

In the MOS capacitor with a p-stop implant in the silicon underneath, the p implant affects the
depletion rate of the silicon immediately underneath the oxide (Figure 6) [15]. The higher the
p-implant density, the more flattened the slope of the CV curve. As seen in the figure, we
defined the parameter SREF as the slope at the beginning of depletion in order to track the p-
stop effect.

Three batches™ have been rejected by the Collaboration due to a too-low p-stop doping density
that has been detected via this test. The change in the slope due to the different p-stop
implantation of one of these batches can be appreciated in Figure 7. This effect is also
corroborated by Figure 8b, where the atypical values are clearly below the general trend of
SREF. Furthermore, as shown below, these batches also show poor punch-through protection
(PTP) performance, both on the test chips and in the main sensors. QC testings were also
abnormal [16]. The Collaboration is currently doing studies with irradiated full-size sensors
with low p-stop doping density to understand how this parameter affects the sensor
performance.
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Figure 6. Examples of the extraction of the parameter SREF in a curve with a good p-stop implantation
(a) and another one with low p-stop implantation (b).
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The punch-through voltage (VPT) is measured with a dedicated structure. In non-irradiated
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test chips, this parameter is lower in the samples that also have low p-stop implantation, as can
be seen in Figure 9. On the other hand, in irradiated samples with “good” p-stop implantation,

the VPT remains at values that ensure the functionality of the punch-through protection after

irradiation.
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Figure 9. VPT distribution (a) and VVPT representation for several batches throughout production (b)
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The effective linewidth of the metal strip (WEFF-M) is a parameter measured from cross-bridge
resistors (CBR) structures, only on non-irradiated samples. The distribution and time-evolution
plots (Figure 10) show high dispersion due to difficult-to-measure low sheet resistance values
(~0.02 Ohm/o). The mean value of WEFF-M (21 pm) is slightly lower than the nominal value
(22 um) and this discrepancy could suggest that a potential over-etching of the metal takes place
during the fabrication process. This deviation is not critical as long as it remains controlled
during the sensor production.
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Figure 10. Distribution (a) and time-evolution (b) plots of the WEFF-M on pre-irradiated samples.

The inter-strip resistance is measured in the test chip in a specific structure designed for this
purpose [8]. This parameter exhibits three clear distributions depending on the test site in y+n-
irradiated samples due to slightly different test temperatures (as also happens with the MD8
leakage currents). Figure 11a shows the distributions separately for each test site, while Figure
11b allows to see that the measurements are stable for each institute throughout production.
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Figure 11. Distribution (a) and time-evolution (b) plots of the interstrip resistance in structures
irradiated with y+n.

Conclusions

A detailed analysis of the results of production QA tests of the ATLAS ITk strip sensor has
been made. Python scripts that access the ITk database have been developed to perform this
analysis and to identify fabrication trends. As a result, distribution and time-evolution plots have
been obtained as tools for monitoring technological stability. This analysis has also allowed to
evaluate the full QA process and the specifics of the different test sites.

After 2 years of QA evaluation, we can state that production progresses satisfactorily: 321
batches have been approved and only 3 (1%) have been rejected due to low p-stop doping.
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Indeed, the 3 rejected batches confirm the need for QA tests for all batches. Both testing and
irradiation have been kept fully operational. Although a few parameters have slightly exceeded
the defined thresholds in some batches, most of these cases belong to the normal statistical tails
in a large production. Such out-of-bounds values are watched closely to ensure the correct
performance of QA, and the encountered features are well understood and stable. The
production QA is progressing smoothly.

In the future, analysis must be continued by plotting correlations between parameters, re-
defining and further adjusting thresholds for each parameter, and monitoring the measurement
results to keep the test setups in stable operating conditions.
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